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Gold deposits in the Archaean Eastern Goldﬁelds Province in Western Australia were deposited in greenstone
supracrustal rocks by ﬂuids migrating up crustal scale fault zones. Regional ENE-WSW D2 shortening of the
supracrustal rocks was detached from lower crustal shortening at a regional sub-horizontal detachment surface
which transects stratigraphy below the base of the greenstones. Major gold deposits lie close to D3 strike slip
faults that extend through the detachment surface and into the middle to lower crust. The detachment originally
formed at a depth near the plastic-viscous transition. In orogenic systems the plastic-viscous transition correlates
with a low permeability pressure seal separating essentially lithostatic ﬂuid pressures in the upper crust from
supralithostatic ﬂuid pressures in the lower crust. This situation arises from collapse in permeability below the
plastic-viscous transition because ﬂuid pressures cannot match the mean stress in the rock. If the low permeability
pressure seal is subsequently broken by a through-going fault, ﬂuids below the seal would ﬂow into the upper
crust. Large, deeply penetrating faults are therefore ideal for focussing ﬂuid ﬂow into the upper crust. Dilatant
deformation associated with sliding on faults or the development of shear zones above the seal will lead to tensile
failure and ﬂuid-ﬁlled extension fractures. In compressional orogens, the extensional fractures would be sub-
horizontal, have poor vertical connectivity for ﬂuid movement and could behave as ﬂuids reservoirs. Seismic
bright spots at 15–25 km depth in Tibet, Japan and the western United States have been described as examples
of present day water or magma concentrations within orogens. The likely drop in rock strength associated with
overpressured ﬂuid-rich zones would make this region just above the plastic-viscous transition an ideal depth
range to nucleate a regional detachment surface in a deforming crust.
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1. Introduction
The Archaean Yilgarn Craton in Western Australia has a
rich endowment of minerals, with gold the traditional main-
stay of the mining industry in the region. The richest gold
camps are in greenstone supracrustal rocks that lie on a
granitic and felsic gneissic basement in the region around
Kalgoorlie. The gold was deposited from aqueous ﬂuids,
usually in second or higher order splays off major faults and
shear zones whose lengths imply a crustal depth-scale. The
relationship of gold deposits to crustal-scale fault systems
implies ﬂuids circulate throughout the crust. In this paper
we describe the geometry of the crust at depth based on seis-
mic imaging, and then discuss whether crustal architecture
controlled the ﬂuid circulation, or whether high ﬂuid pres-
sures locally reduced rock strength and therefore indirectly
inﬂuenced the tectonic processes and crustal architecture in
this part of the Yilgarn Craton.
2. Crustal Structure of the Yilgarn Craton
The Yilgarn Craton has been divided into a number of
geological provinces based on the ages of the rocks, partic-
ularly granitic rocks, and the shapes and trends of the green-
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stone supracrustal rocks (Myers, 1995). In the eastern part
of the craton, the Eastern Goldﬁelds Province is further sub-
divided into a number of fault bounded terranes (Kalgoor-
lie, Gindalbie, Jubilee Terranes) (Swager, 1997). The East-
ern Goldﬁelds Province abuts the Southern Cross Province
(Barlee Terrane) along the Ida Fault (Figs. 1, 2). Over a pe-
riod of approximately 100 million years ending at 2600 Ma,
regional stress patterns in the Eastern Goldﬁelds Province
resulted from an early extension episode (DE), followed
by N-S compression (D1), compression along ENE-WSW
axes which imposed the current broadly elongate NNW-
SSE fabric to the granites and greenstones (D2), strike-slip
faulting along regional NNW-SSE trending faults (D3), and
local oblique-slip (D4) (Hammond and Nisbe, 1992; Swa-
ger, 1997). However, stress patterns deviated locally from
the regional patterns. For example, local extension may
have occurred during regional D2 compression (Blewett et
al., 2004). DE structures are not widely observed, and
none are shown in Fig. 1. D1 faults are identiﬁed in the
greenstone supracrustal sequences, for example immedi-
ately north of the Talcum Fault (Fig. 1) (Swager, 1996), and
around the ends of a number of the granitoid domes within
the greenstone belts. Several linked D1 faults crop out in the
greenstone rocks. D2 thrust faults and back thrusts, many of
which reactivated as D3 strike slip faults, dominate the geo-
logical map at the scale of Fig. 1. More deeply penetrating
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Fig. 1. Solid geology map showing the position of the seismic line EGF 01 used to construct the crustal cross section in Fig. 2.
examples would be the Ida Fault (thrust) and Bardoc Shear
Zone (backthrust) (Drummond et al., 2000a). Note that sub-
sequently the Ida Fault has had undated normal, down-to-
the-east movement; its sense of initial movement as a thrust
is interpreted from the deep crustal seismic image (Fig. 2,
and see below). D4 deformation is very localised, and not
readily shown at the scale of Fig. 1.
The upper crust, excluding the greenstone supracrustal
rocks, is likely to be quartzofeldspathic of acidic compo-
sition (Drummond, 1988; Drummond et al., 1993). Seis-
mic imaging of the Southern Cross and Eastern Goldﬁelds
Provinces (Swager et al., 1997; Drummond et al., 2000a)
shows west-directed thrusting of duplexes in the middle
crust, linked to west-dipping faults in the upper crust, prob-
ably resulting from D2 compression. The duplexes sole
into an apparently (at the time of deformation) ductile lower
crust. The middle and lower crust are likely to be of inter-
mediate composition, and have a reﬂection character that
indicates a rock fabric variably parallel and at high angle to
the subsidiary faults bounding the duplexes. The duplexes
contain internal reﬂectors that may represent earlier events
(DE, D1). Immediately to the east of the Ida Fault, a zone
of poorly reﬂective middle crust shows no evidence of du-
plexes, and may represent protocrust of a different compo-
sition, and perhaps rheology, to the middle crust to the east
and west. The more deeply penetrating D3 strike slip faults
(e.g., Bardoc Shear, Avoca Fault) appear to have been fo-
cussed mainly by D2 backthrusts in the upper crust (Fig. 2).
In the middle to lower crust, a number of mechanisms ac-
commodated D3 movements. The Ida Fault followed a sub-
sidiary fault between a D2 duplex and the zone of poorly
reﬂective middle crust. The west-dipping Avoca Fault ap-
pears to have cut through the middle crustal duplexes to the
ductile lower crust in a broad semi-vertical zone, possibly
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Fig. 2. Cross section based on the seismic reﬂection section along the seismic line EGF 01 whose position is shown in Fig. 1.
generating a ﬂower structure (Drummond et al., 2000a).
In the Eastern Goldﬁelds Province, the upper 3–7 km
was decoupled from the deeper crust along a regional de-
tachment that can be traced for over 100 km from east to
west, and a similar distance from north to south. The re-
ﬂections from the detachment often have very high ampli-
tudes. In places, but not everywhere, the detachment forms
the base of the greenstone sequences; there the greenstones
are structurally truncated (e.g., Fig. 3). Note that the ge-
ometry of the greenstone rocks above the detachment in
Fig. 3 could be evidence of extension during the regional
D2 compression, as reported by Blewett et al. (2004). Else-
where, quartzofeldspathic basement rocks are interpreted
both above and below the detachment (Swager et al., 1997;
Bell et al., 2000), implying that the depth of the detach-
ment was not determined by a rheological contrast caused
by lithological differences.
3. The Behaviour of Fluids
The geology (e.g., Myers, 1995) and crustal structure
suggest that the region formed in an accretionary orogen.
Present day crust in the region is 33–39 km thick, and be-
cause the rocks at the surface are at least greenschist grade
an additional 5–10 km are likely to have been eroded. The
greenstone supracrustal rocks are interpreted to have been
shortened by a factor of two; the structures in the seismic
sections would be consistent with a similar amount of short-
ening in the middle crust. Therefore the pre-shortened crust
must have had a maximum thickness of about 25 km. Iso-
static considerations would suggest that the surface of such
thin, juvenile crust must have been close to or below sea
level and therefore hydrated. The estimated crustal compo-
sition, the style of crustal deformation, and the crustal mix-
ing implied by the seismic data imply that the crust would
have contained ﬂuids that would have been released during
orogenesis and subsequent metamorphism.
Early attempts to model the dehydration of, and sub-
sequent ﬂuid ﬂow through the crust were summarised by
Goleby et al. (1997) and Drummond et al. (2000b). The
modelling assumed a layered crust, as deﬁned by the seis-
mic imaging, with much lower permeability in the crustal















Fig. 3. Post-stack migrated image of part of the regional detachment
surface, in this case showing dipping maﬁc and ultramaﬁc supracrustal
greenstone sequences and the Abbatoir Fault truncated against the de-
tachment. North is to the right of the ﬁgure. This is the central part of
Line 99AGSY4, extending south from its crossing with Line EGF 01
(Fig. 1).
Fault. The crust was deformed under horizontal compres-
sion. The modelling predicted that the middle to lower crust
would have been dehydrated by dominantly upward ﬂuid
ﬂow, consistent with slow ﬂow along grain boundaries and
through annealing microfractures (Etheridge et al., 1983).
When the ﬂuids reached the fault zones, they moved into
and upwards along the fault zones. Because the fault zones
are inclined, the ﬂuids then broke out of the fault zones into
the hanging wall blocks. Eventually the ﬂuids concentrated
in inclined zones within the quartzofeldspathic upper crust
and greenstone rocks, with greater ﬂow above and in places
parallel to the contact in the model representing the regional
detachment surface.
In this modelling, the permeability was imposed upon
a pre-existing crustal structure that was based on present-
day crustal thickness. Consideration should be given to the
effects of high metamorphic ﬂuid pressures on the rheol-
ogy of a thin, deforming crust as it doubles in thickness.
Cox et al. (1990) described the ﬂuid pressure regimes that
form during the deformation of low-grade metamorphic ter-
rains. In the uppermost crust, fracture porosity is such that
ﬂuid pressures will stay close to hydrostatic. They de-
ﬁned two types of regime at deeper levels: a supralitho-
static ﬂuid pressure regime in the lower crust, and a litho-











Fig. 4. Volumetric strain rate following shortening. Arrow at the top of (a) marks the position and attitude of the pre-imposed fault. Position of
plastic-viscous transition labelled at right. Dark areas are relatively unstrained. Increasingly lighter shades indicate increasing volumetric strain rate.
static ﬂuid pressure regime at depths below “a few kilo-
metres” in the upper crust. The boundary between the
two regimes corresponds to the boundary between differ-
ent deformation styles in the crust (Sibson, 1977), rep-
resented by the commonly named ductile lower and brit-
tle upper crust, respectively. The boundary between the
regimes occurs around the depth of greenschist metamor-
phism (300–350◦C, depending on the abundance of water;
Sibson, 1977). In most of the crust, metamorphic ﬂuid pres-
sures can be high (Etheridge et al., 1983) and ﬂuid ﬂow is
determined by “deformation-induced porosity-creation and
porosity-destruction processes” (Cox et al., 1990). How-
ever, low permeability pressure seals can develop (Cox et
al., 1990; Connolly and Podladchikov, 2004). Where ﬂuid
pressures build up below the seals and exceed (lithostatic
pressure+tensile strength), the ﬂuids will hydrofracture the
rock. In orogens, where the maximum principal stress is
horizontal and the minimum principal stress is vertical, the
hydrofractures will form horizontally, resulting in maxi-
mum ﬂuid connectivity between fractures horizontally and
minimum connectivity vertically through the overlying low
permeability pressure seal.
Sibson (1977, 1990) suggested that the low permeability
pressure seal would form at 10–15 km depth. This is the
depth range at which the Yilgarn Craton detachment would
have formed, when the effects of subsequent erosion have
been taken into account. Modern ﬂuid ﬁlled fracture sys-
tems have been imaged near the base of the seismogenic
zone around 15–25 km km depth in Japan (Matsumoto and
Hasegawa, 1996), Tibet (Brown et al., 1996), and the west-
ern United States (Ryberg and Fuis, 1988). In these stud-
ies, high amplitude reﬂections (“bright spots”) with nega-
tive impedance contrasts have been interpreted to be from
ﬂuid ﬁlled cracks. In Japan, some bright spots have been
attributed to magma (Matsumoto and Hasegawa, 1996) and
others to water (Umino et al., 2002). The Tibetan reﬂectors
have been attributed to both magma (Brown et al., 1996)
and water (Makovsky and Klemperer, 1999).
4. Modelling the Formation of Bright Spots
The results of numeric modelling of crustal ﬂuid ﬂow in
which very little pre-existing crustal structure is assumed
are shown in Fig. 4. Drummond et al. (2000a) interpreted
the seismic data along line EGF 01 to show that the Bardoc
Shear (D2 backthrust re-activated as a D3 strike-slip fault)
and the regional detachment (D2) to both be active at late
D2 and early D3 time. This model seeks to represent defor-
mation within the crust at that time; i.e., at the last stages
of crustal D2 shortening, by which time the main fault sys-
tems would have been in place. It allows us to consider
the effects of crustal shortening on the distribution of strain
in the crust, particularly in the region of the plastic-viscous
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transition at the time leading up to the formation of gold de-
posits, which we interpret as an indication of the later stages
of crustal dewatering. The modelling method is described
in more detail by Hobbs et al. (2004).
The model in Fig. 4 assumed a crust 30 km thick. A
granitic composition was assumed throughout the crust.
This is broadly consistent with estimates of crustal com-
position based seismic observations of crustal velocity, as
discussed above (Drummond, 1988; Reading et al., 2003).
A fault dipping at 45◦ was embedded in the top half of
the crust. Its inclusion allowed localisation of deforma-
tion to be an emergent phenomenon of crustal shortening.
Faults commonly penetrate to the detachment surface in
the Yilgarn Block (Fig. 1). Shortening was imposed at a
strain rate of 10−13 s−1 normal to the strike of the fault.
A temperature gradient of 20◦C km−1 was assumed. Full
coupling between mechanical behaviour and ﬂuid ﬂow in-
cluded deformation-induced permeability in both the plas-
tic and viscous regimes. Although some authors (Stuwe and
Sandiford, 1994; Petrini and Podladchikov, 2000) have pos-
tulated that the ﬂuid pressure in a deforming crust should
be equal to the mean normal stress, arguments presented in
Hobbs et al. (2004) indicate that throughout the crust, be-
low some relatively shallow seal, both the ﬂuid pressures
and the ﬂuid pressure gradients are close to lithostatic. This
has a basis in observation in that it is consistent with obser-
vations from the Kola superdeep drill hole where high ﬂuid
pressures leading to hydrofracturing were observed in the
upper crust below 4 km depth (Kozlovsky, 1984).
Figure 4 shows volumetric strain rate, which we use as
a proxy for porosity. During shortening of the crust, defor-
mation concentrated in the region of the fault, with surface
uplift most pronounced in the hanging wall block above the
fault (Fig. 4(a)). Porous zones formed above the plastic-
viscous transition in the hanging wall side of the fault
(Fig. 4(b)), and have a greater longevity than other simi-
lar zones that formed at shallower depths (Fig. 4(c)). The
modelling therefore demonstrates that porous zones form
and can be stable for relatively long time intervals near the
brittle-ductile transition. The modelling implies consider-
able ﬂuid ﬂux through these zones. Hobbs et al. (2004)
show the results for a range of similar geological models,
including, in their ﬁgure 4(d) ﬂuid ﬂow vectors that demon-
strate to a ﬁrst order approximation the ﬂuid ﬂux. When
ﬁlled with ﬂuid, these zones would be strong reﬂectors of
seismic energy. The ﬂuid ﬂux would also cause alteration
of the rocks within the zones, so that in old environments
such as the Yilgarn Block, which is probably now dry, the
reﬂection signature would come from the impedance con-
trasts caused by alteration.
5. The Role of Fluids in Focussing Deformation
Irrespective of whether the ﬂuids are aqueous or mag-
matic, their accumulation at a common depth across large
areas must create zones of weakness at that depth because
the crust is hydrofractured and the local strength is con-
trolled by the strength of the ﬂuid-rich region. When the
zones of weakness correspond to changes in crustal rhe-
ology, as at the plastic-viscous transition, they are likely
to focus the development of sub-horizontal detachments in
a shortening crust. We note in the modelling in Fig. 4
that high shear strain occurs at the plastic-viscous transi-
tion and in the porous zones that are generated near the
plastic-viscous transition. The detachment in the Yilgarn
Craton may have formed in such an environment, sepa-
rating different deformation styles in the upper and lower
crust. For example, Drummond et al. (2000a) noted the
different length scales of deformation above and below the
detachment. Constraining the depth of the detachment to
a ﬂuid-rich zone rather than a boundary between different
rock types would also be consistent with the observation
(above) that the detachment is not consistently along a litho-
logical boundary, but rather was controlled by some other
rheology contrast.
Further evidence comes from the nature of the reﬂections
from the detachment in the Yilgarn Craton. Synthetic seis-
mogram modelling of the way three-dimensional structures
will appear in two-dimensional seismic sections allows the
detachment to be characterised into regions of thick shear
zones (in the plane of the seismic sections), consisting of
multiple layers, that are linked by faults (Drummond et al.,
2004). The largest amplitude reﬂections would be caused
by the combined effects of chemical alteration within the
detachment and immediate country rocks, vertical tuning of
the signal in places where the detachment consists of many
layers of altered rock interlayered with country rock, and
the effects of out-of-plane energy due to small-scale three-
dimensional structure superimposed on the otherwise sub-
horizontal detachment surface. Both the shear zones and the
linking faults have lateral extents of 10–20 km. Examples
of a shear zone and a fault are shown in Fig. 5. We propose
the hypothesis that the detachment formed as hydrofracture-
driven faults connecting deformation-induced high porosity
zones that behaved as shear zones during subsequent defor-
mation.
Thus ﬂuid behaviour would not be imprinted on a pre-
existing permeability model, but rather ﬂuid pressures cou-
pled with deformation-driven permeability creation and de-
struction would determine the permeability and therefore
locally the weakest parts of the deforming crust.
6. Lessons from a Modern Orogen—Northeast
Japan
The inﬂuence of ﬂuids on the rheology of a shortening
crust in the Archaean must be studied indirectly using im-
ages of structure, alteration and anisotropy. The Japanese
orogen provides an opportunity to consider ﬂuid behaviour
directly in a modern setting. Nakajima et al. (2001) pro-
posed that the lithosphere of northeast Japan contains con-
siderable ﬂuid, in the form of ubiquitous melt in the up-
permost mantle, melt in the lower crust concentrated under
present-day volcanic centres, and water in the upper crust.
The water would have formed through dehydration of cool-
ing magmas deeper in the crust and mantle. They based
their conclusions on the distribution of melt and water on
Vp, Vs and Vp/Vs in seismic tomograms generated from
the arrival times of earthquakes at seismic monitoring sta-
tions. They did not discuss ﬂuids released by the metamor-
phism of the deep crust.
In NE Japan, the Nagamuchi-Rifu fault dips to the NW,
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Fig. 5. Uninterpreted (top) and interpreted (bottom) post-stack migrated seismic section showing a portion of the regional detachment surface. The
surface can be categorised into a thick, multilayer shear zone on the right, and a thinner zone or fault on the right. It is broken by younger brittle
faults in two places marked “F”. This is line 99AGSY2 (Fig. 1).
is listric and links into an apparent detachment near 12–14
km depth. It occurs in a region that underwent initial exten-
sion in the Miocene, and has subsequently been inverted.
The locus of the 1998 M5.0 Sendai earthquake lies on the
fault at depth. The fault is reﬂective in normal incident
multifold reﬂection data (Sato et al., 2002). A number of
strongly S-wave reﬂecting structures lie 5–10 km beneath
the fault. Umino et al. (2002) estimate that one of them
is NW dipping, partially ﬂuid-ﬁlled, and about 50 m thick.
This reﬂector correlates spatially with the top of a broad
zone (in width and depth) of low Vp, relatively lower Vs
and high Vp/Vs. It links two zones of high electrical con-
ductivity, one of which correlates spatially with the velocity
anomalies below the reﬂector, and one that is higher in the
crust and to the southeast (Ogawa et al., 2004). The co-
incidence of broad seismic and electrical anomalies under-
neath the reﬂector would indicate the presence of ﬂuids dis-
seminated through the crust in this region. The presence of
ﬂuid-related reﬂectors at the top of and linking two anoma-
lous zones would suggest that the ﬂuids are nucleating into
a series of vertically stacked cracks near the plastic-viscous
transition in the region. This could be interpreted as the ﬁrst
phases in the formation of ﬂuid-rich shear zones similar to
those interpreted in the Yilgarn Craton.
7. Impact of Fluid Focussing
Resolving whether lower crustal ﬂuids controlled the for-
mation of the detachment in the Yilgarn Craton has im-
portant implications for understanding ﬂuid focussing in
the crust. Fluids trapped near the plastic-viscous transition
would constitute a reservoir from which ﬂuids could be fo-
cussed into the upper crust by through-going, deeply pene-
trating faults. Fluid movement on the through-going faults
may be episodic due to fault valve behaviour as ﬂuid pres-
sures below the low permeability seal systematically grow
to greater than (lithostatic pressure+tensile strength), force
open the fault, and then drop as the ﬂuids are drained from
the reservoirs (Sibson, 1990). The regions near and im-
mediately above the areas where the through going faults
breach the detachments would be subject to higher ﬂuid
ﬂuxes than elsewhere above the detachment, where ﬂuid
ﬂux would be controlled by ﬂuids leaking from the detach-
ment, which have relatively poorer vertical connectivity.
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